We study the process of spinodal decomposition in a scalar quantum field theory that is quenched from an equilibrium disordered initial state at T i > T f to a final state at T f ≈ 0. The process of formation and growth of correlated domains is studied in a Hartree approximation. We find an approximate scaling law for the size of the domains ξ D (t) ≈ √ tξ 0 at long times for weakly coupled theories, with ξ 0 the zero temperature correlation length.
In the Schroedinger picture, the density matrix evolves in time aŝ ρ(t) = U(t)ρ i U −1 (t) (0.6) with U(t) the time evolution operator. In the present case, the order parameter (T rρ(t) Ω d 3 xΦ( x)) obeys a Heisenberg equation of motion and is not conserved. The expectation value of operators may be computed by introducing the generating functional
with T → −∞; ; T ′ → ∞. It is found
with G ab the Green's function on a contour [8] . The quantities of interest are S( r; t) = Φ( r, t)Φ( 0, t) (0.9) S( r; t) = d 3 k (2π) 3 e i k· r Φ k (t)Φ − k (t) (0.10)
The equal time correlation function at zeroth order ("tree level") is thus found to be
with the mode functions obeying
with m 2 (t) given by (0.2).
The boundary conditions on the homogeneous solutions are
corresponding to positive frequency (particles) and negative frequency (antiparticles)
The "free field" mode functions are easily found. For t > 0, they consist of stable modes ( k 2 > m 2 f ) and unstable modes ( k 2 < m 2 f ). These unstable modes are responsible for the growth of correlations. The zeroth order equal time correlation function becomes
for t < 0, and
The first term, the contribution of the unstable modes, reflects the growth of correlations because of the instabilities and will be the dominant term at long times in this approximation.
It is convenient to introduce the dimensionless quantities
and the critical temperature T 2 c = 24µ 2 /λ [4] [5] [6] , in terms of which the "tree level" subtracted structure factor
To obtain a better idea of the growth of correlations, it is convenient to introduce the scaled correlation function
The reason for this is that the minimum of the tree level potential occurs at λΦ 2 /6m At large τ (time), κ 2 S(κ, τ ) has a sharp peak at κ s = 1/ √ τ with amplitude exp[2τ ]/τ (see figure 1) . We find for x < τ and T f ≈ 0
Restoring dimensions, and recalling that the zero temperature correlation length is ξ(0) = 1/ √ 2µ, we find that for T f ≈ 0 the amplitude of the fluctuation inside a "domain" Φ 2 (t) , and the "size" of a domain ξ D (t) grow as
The presence of the instabilities precludes a well-defined perturbative expansion. Consider a one loop contribution to the equal time correlation function. The "external legs" obtain a contribution from the unstable modes, but in the loop integral, the integration over the momenta also includes a contribution from the unstable modes. It is clear that eventually the one-loop correction dominates and perturbation theory breaks down, even for the case of very weak couplings. This feature will persist to all orders in a perturbative expansion. The dynamics of the phase transition cannot be studied in perturbation theory.
Our non-perturbative approach is based on a Hartree approximation, which is similar to the early approach of Langer [9] for classical spinodal decomposition. It is implemented by the replacement
(where we used spatial translational invariance).
This leads to the self consistent set of equations
The composite operator Φ 2 ( r, t) needs one subtraction and multiplicative renormalization. The subtraction is absorbed in a renormalization of the bare mass, and the multiplicative renormalization into a renormalization of the coupling constant. The Hartree approximation provides a self-consistent non-perturbative scheme that sums an infinite series of Feynman diagrams [10] . For t < 0 there is a self-consistent solution given by
and m
. For t > 0 we subtract the composite operator at t = 0 absorbing the subtraction into a renormalization of m 2 f which we now parametrize as m
. This choice of parametrization only represents a choice of the bare parameters.
The logarithmic multiplicative divergence of the composite operator will be absorbed in a coupling constant renormalization consistent with the Hartree approximation [10] . However, for the purpose of understanding the dynamics of growth of instabilities associated with the long-wavelength fluctuations, we will not need to specify this procedure. After this renormalization, the Hartree equations read
with T i > T c and T f ≪ T c . With the self-consistent solution and boundary condition for
This set of Hartree equations is extremely complicated to be solved exactly. However it accounts for the process of coarsening [1] . Consider the equations for t > 0, at very early times, when (the renormalized) Φ 2 (t) − Φ 2 (0) ≈ 0 the mode functions are the same as in the zeroth order approximation, and the unstable modes grow exponentially. By computing the expression (0.27) self-consistently with these zero-order unstable modes, we see that the fluctuation operator begins to grow exponentially.
As ( Φ 2 (t) − Φ 2 (0) ) grows larger, its contribution to the Hartree equation tends to balance the negative mass term, thus weakening the unstabilities, so that only longer wavelengths can become unstable. Even for very weak coupling constants, the exponentially growing modes make the Hartree term in the equation of motion for the mode functions become large and compensate for the negative mass term. Thus when
the instabilities shut-off, this equality determines the "spinodal time" t s . The modes will still continue to grow further after this point because the time derivatives are fairly (exponentially) large, but eventually the growth will slow-down when fluctuations sample deep inside the stable region.
After the subtraction, and multiplicative renormalization (absorbed in a coupling constant renormalization), the composite operator is finite. The stable mode functions will make a perturbative contribution to the fluctuation which will be always bounded in time.
The most important contribution will be that of the unstable modes. These will grow exponentially at early times and their effect will dominate the dynamics of growth and formation of correlated domains. The full set of Hartree equations is extremely difficult to solve, even numerically, so we will restrict ourselves to account only for the unstable modes. From the above discussion it should be clear that these are the only relevant modes for the dynamics of formation and growth of domains, whereas the stable modes, will always contribute perturbatively for weak coupling after renormalization. 
with the boundary conditions (0.30) for t < 0 and
The effective coupling (0.33) reflects the enhancement of quantum fluctuations by high temperature effects; for T f /T c ≈ 0, and for couplings as weak as λ R ≈ 10 −12 ,
This value of the coupling has particular significance in inflationary models and arises from bounds on density fluctuations [4] [5] [6] . The equations (0.32) may now be integrated numerically for the mode functions; once we find these, we can then compute the contribution of the unstable modes to the subtracted correlation function equivalent to (0.19)
In figure (2) 
becomes small again because of the small coupling g ≈ 10 −7 , and the correction term becomes small. When it becomes smaller than one, the instabilities set in again, the unstable modes begin to grow and the process repeats. This gives rise to an oscillatory behavior figure (2) . We clearly see that for very weakly coupled theories, the zeroth order correlation function provides a fairly good approximation to the Hartree correlations up to the "spinodal time". Thus for very weakly coupled theories correlation functions will be approximately given by (0.20, 0.21) and this permits us to find an approximate result for the spinodal time (at which fluctuations begin probing the stable region).
It is remarkable that the domain size scales as ξ D (t) ≈ t For strong coupling, the Hartree result and the zeroth-order result depart at very early times [12] . It is well known within the context of classical spinodal decomposition that the Hartree approximation is not correct at intermediate and long times. We are currently studying a consistent treatment beyond the Hartree approximation. Details of the calculation and possible extensions will be presented elsewhere [12] . Of particular importance will be the study of the interface dynamics, known to be the relevant description in classical theories [13] . 
